Abstract The presence of disseminated tumor cells (DTCs) in the bone marrow (BM) of breast cancer patients is prognostic for early relapse. In the present study, we analyzed the gene expression profiles from BM cells of breast cancer patients to identify molecular signatures associated with DTCs and their relevance to metastatic outcome. We analyzed BM from 30 patients with stage II/ III breast cancer by gene expression profiling and correlated expression with metastatic disease development. A candidate gene, PITX2, was analyzed for expression and phenotype in breast cancer cell lines. PITX2 was knocked down in the MDAMB231 cell lines for gene expression analysis and cell invasiveness. Expression of various signaling pathway molecules was confirmed by RT-PCR. We found that the expression of Paired-like Homeobox Transcription factor-2 (PITX2) is absent in the BM of normal healthy volunteers and, when detected in the BM of breast cancer patients, is significantly correlated with early metastatic disease development (p = 0.0062). Suppression of PITX2 expression significantly reduced invasiveness in MDAMB231 cells. Three genes-NKD1, LEF1, and DKK4-were significantly downregulated in response to PITX2 suppression. Expression of PITX2 in BM of earlystage breast cancer patients is associated with risk for early disease recurrence. Furthermore, PITX2 likely plays a role in the metastatic process through its effect on the expression of genes associated with the Wnt/beta-Catenin signaling pathway.
Introduction
Metastatic spread of breast cancer is the major cause of mortality in patients. Although thousands of cells are shed from primary tumors, only a few cells possess the potential to give rise to metastatic foci [1, 2] . The metastatic process consists of a series of steps, all of which must be successfully completed to form a metastatic focus [3] [4] [5] [6] . These include shedding of cells from a primary tumor into the circulation, survival of the cells in the circulation, arrest in the vasculature of a new organ, extravasation into the surrounding tissue, initiation and maintenance of growth, and vascularization of the metastatic tumor [7] . To halt the metastatic process, it is essential to identify those intermediary cells with metastatic potential which are often resistant to chemotherapy, understand their biology through molecular characterization, and target their therapeutic vulnerabilities. The small number of disseminated, premetastatic tumor cells found in the circulation has previously hindered studies on the metastatic process. In breast cancer patients, clinical studies suggest that bone marrow (BM) serves as a reservoir for the disseminated tumor cells (DTCs), which are thought to be precursors to metastatic foci [8] . DTCs can survive in the BM for long periods of time, and their presence in BM portends an increased risk of distant disease development [9, 10] . Detection of DTCs in BM after chemotherapy treatment is an indicator of particularly poor prognosis suggesting that those cells which survive cytotoxic chemotherapy have greater metastatic potential [11] . Focusing on the DTC population that is present after chemotherapy treatment could lead to a better understanding of the molecular mechanisms that contribute to metastatic potential of the DTCs.
Earlier studies from our lab identified 67 genes that were overrepresented in DTCs enriched from the BM of stage II/ III breast cancer patients after chemotherapy treatment [12] . Among these, expression of five genes, TWIST1, PITX2, S100A3, PDGFRL, and DUSP9, was not detected in BM from healthy volunteers suggesting that expression most likely emanates from DTCs residing in the BM of the breast cancer patients.
Paired-like homeobox transcription factor-2 (PITX2) is a bicoid-related homeobox transcription factor that is involved in pituitary-specific gene regulation and left-right patterning during embryonic development [13] [14] [15] . PITX2, as observed with other metastatic disease regulators such as TWIST1, may also be involved in epithelial-mesenchymal transition (12) . PITX2 has three alternative transcripts resulting in 3 isoforms 1, 2, and 3 [16, 17] . Promoter P1 drives the transcription of the isoform 3 [18] . Isoforms 1 and 2 are driven by a common promoter, P2 [19] . Expression of isoforms 1 and 2 is regulated by WNT pathway and expression of isoform 3 is regulated by TGF-b family members [18] [19] [20] . Methylation of P2 in primary tumors has been reported to be an indicator of high risk for disease recurrence in hormone receptor-positive, node-negative breast cancer patients [19] . In this study, we investigated the role of PITX2 in regulating invasive potential and specific gene expression programs in breast cancer cells which may mediate the pro-invasive action of PITX2. (12) . Median follow-up is approximately 10 years. The protocol was approved by the institutional review board of Washington University and all patients signed written informed consent. BM was collected from each iliac crest at the time of diagnosis, after 4 cycles of epirubicin/taxotere, and 1 year after diagnosis (12) . BM samples from each iliac crest collected prior to any treatment were used to determine the relationship of gene expression to recurrent disease development. Half of the 30 patients developed recurrent disease within 16 months of diagnosis. Control BM specimens were collected from healthy female volunteers after informed consent.
RNA isolation and qRT-PCR
Whole BM samples were subjected to hypotonic RBC lysis, 5 9 10 6 nucleated cells were pelleted and snap frozen for subsequent RNA isolation. Total RNA was isolated using Trizol reagent (Invitrogen) according to manufacturer's recommendations. RNA from cell lines was isolated using the same protocol. 1 lg of RNA was used for synthesis of first strand cDNA using the Retroscript (Ambion) kit with random hexamers. Resulting cDNA was diluted to an equivalent of 10 ng/lL of input RNA.
qRT-PCR for the indicated genes was performed as described previously [12] . Primer/probe sets were purchased from Applied Biosystems. Each reaction consisted of 2 lL of cDNA, TaqMan Master Mix (Applied Biosystems), and primer/probe set in a total volume of 20 lL. The expression of the three PITX2 transcript variants was determined by qRT-PCR using SybrGreen Universal master mix (ABI, California). Primer sets for isoform 1 and isoform 2 were designed as described in Nimmrich et al. [19] (isoform 1 forward GCGTGTGTGCAATTAGA-GAAAG and reverse CCGAAGCCATTC TTGCATAG; isoform 2 forward GCCGTTGAATGTCTCTTCTC and reverse CCTTTGCCGCTTCTTCTTAG). Isoform 3 was detected using the primers-forward GCT TCACTTG-GAGCACCGAGCA, and reverse GAGGTGTCGGA-GATGGTGTG. For each transcript/sample, triplicate reactions were analyzed in an ABI 7500 FAST Sequence Detection System. The Ct values of each gene were normalized to GAPDH Ct values for the same sample (dCt) and compared with that of BM of four normal healthy volunteers to calculate the ddCt and fold overexpression.
Cell culture and stable transductions
Breast cancer cell lines MDAMB231, MCF7, MCF10A, T47D, ZR75, and SKBR3 were purchased from ATCC. MDAMB231 cells were grown in DMEM containing 10 % fetal bovine serum (FBS). MCF7 and MCF 10A cells were grown in a mixture of 50 % MEGM (Lonza) and DMEM with 10 % FBS, ZR75 was grown in RPMI containing 10 % FBS. SKBR3 and T47D were grown in McCoy's media with 10 % FBS. All cells were grown at 37°C with 5 % CO 2 .
RNA expression level of each of the 3 PITX2 isoforms was quantified by qRT-PCR using specific primers designed for each isoform in human breast cancer cell lines listed above. PITX2 expression was stably silenced in MDAMB231 cell line, which had high endogenous levels of all three PITX2 transcript isoforms, using Mission lentiviral transduction particles (Sigma, St. Louis) and selecting the stably transduced cells with puromycin. The construct targeted all three isoforms (TRCN000002479).
Individual clones were selected and tested for PITX2 expression and several PITX2 knockdown clonal lines were established.
Matrigel invasion assay
MDAMB231 cells with near total knockdown of the PITX2 gene were used for matrigel invasion assays (BD Biosciences) and performed according to the manufacturer's recommendations. Briefly, cells were suspended in growth factor-free media. 3 9 10 4 cells were added to each well of an invasion chamber which contained growth factor-free media. Complete growth medium was added to the lower chamber as chemoattractant. The number of invasive cells was counted at 24 h and 48 h after seeding. MDAMB231 cells transfected with empty vector, a non-targeting sequence, or shRNA against the unrelated gene, beta-2 microglobulin, served as negative controls. The number of invasive cells was counted from five random fields from each well and total cells counted for each well were calculated for subsequent statistical analysis. All experiments were repeated three times.
Wnt pathway expression analysis
MDAMB231 cells with PITX2 gene knockdown and controls were used for gene expression analysis. Three different clonal lines of stably knocked down PITX2 gene were grown in two wells of a six-well plate. A similar set of cells that were stably transduced with a non-targeting sequence were grown in parallel. Two wells of the same clonal line of PITX2 knockdown or non-targeting sequence were pooled and used for RNA extraction as described earlier. Samples were analyzed for gene expression using Taqman 96 well Array plates (Applied Biosystems) according to manufacturer's protocol. The relative expression of each gene with respect to GAPDH levels of corresponding samples was determined and the average of four samples in each group was used for subsequent ddCt and fold difference calculation.
Analysis of data
For PCR analysis, fivefold increased expression over normal BM was considered positive. Patient BM was considered positive if BM from at least one side (right or left) over-expressed the gene. Gene expression from patient samples and survival were analyzed using Kaplan-Meier model and Cox proportional hazards models. All estimates are derived from single-variable models, i.e., fold change in only 1 gene was included in each model. For the invasion experiments, percentage invasion was calculated as the percentage of number of cells passed through the Matrigel to the total number of cells present before harvest. Significant difference between samples was analyzed using paired t test.
Results

TWIST1 and PITX2 are expressed in BM of patients who develop recurrent disease
We had earlier identified a 67-gene signature associated with the presence of DTCs in the BM of breast cancer patients using gene array analysis (Supplemental Table 1 ) [12] . Within the 67-gene signature, 5 genes, TWIST1, PITX2, S100A3, PDGFRL, and DUSP9, were highly expressed in breast cancer cell lines and had no detectable expression in normal human BM by qRT-PCR (Supplemental Table 2 ). Expression of these 5 genes as well as Keratin 19 (KRT19) and 5 other genes from the 67-gene signature (HSP27, IGF, PIR, SlAC2, SNAIL1) were examined in 50 BM specimens collected from 30 patients with clinical stage II/III breast cancer prior to any treatment. 20 patients had BM collected from both the right and left iliac crests which were analyzed individually and 10 patients had the right and left BM pooled prior to analysis (Table 1) . Thirteen (43 %) of these patients developed recurrent disease within 16 months of diagnosis. All sites of visceral metastases were visceral except for one patient who developed contralateral axillary metastases. Approximately half of the patients (47 %), in the metastatic group and nonmetastatic group, had triple negative cancers (Table 2) . Using a threshold of fivefold higher than pooled BM controls, TWIST1 was elevated in 3 BM specimens from 2 patients, both of whom developed distant recurrent breast cancer and PITX2 was elevated in 7 BM specimens from 5 patients, 4 of whom developed distant recurrent breast cancer within 16 months of diagnosis. TWIST1 and PITX2 expression in patient BM were found to correlate significantly with the development of early recurrent disease (p = 0.005 and 0.0062, respectively) ( Table 3) .
PITX2 is expressed in breast cancer cell lines with invasive phenotype
Since PITX2 was not expressed in the normal BM and its expression in BM from stage II/III breast cancer patients significantly correlated with early recurrent disease development, we sought to determine the expression levels and physiological function in established breast cancer cell lines. PITX2 has 3 isoforms (Fig. 1) . The expression of each isoform in six breast cancer cell lines with varying metastatic potential was determined by qRT-PCR. The highly metastatic breast cancer cell line MDAMB231 expressed all three isoforms of PITX2 at different relative levels. Isoform 1 was fourfold higher in MDAMB 231 than in the next highest PITX2 expressing cell line, CA1A. In this cell line, which is also can form metastases [21] [12], only isoform 1 was detected. The expression of all isoforms of PITX2 in MCF10A and ZR75, both of which are non-invasive, was very low to undetectable. MCF-7 and T47D, both of which are non-metastatic, expressed isoform 3. The two invasive cells lines tested expressed high levels of isoform 1, which has been reported to be important in the Wnt/beta-catenin pathway while the non-invasive cell lines expressed either no/low levels of PITX2 or isoform 3, which is in the TGFbeta pathway. The relative level of expression of the 3 isoforms of PITX2 in cell lines is shown in Fig. 2 .
Knockdown of PITX2 reduces invasiveness in MDAMB231 cells
To determine whether PITX2 plays a role in cell invasiveness, we performed gene knockdown experiments using the MDAMB231 cell line. MDAMB231 is highly invasive and has relatively high expression of all three of PITX2 isoforms. Using a lentivirus shRNA system, PITX2 expression was reduced to near undetectable level as determined by qRT-PCR. Clonal cell lines with the highest level of knockdown were selected for invasion assays. MDAMB231 cells stably transduced with empty vector, a non-targeting sequence, or shRNA targeting an unrelated gene, beta-2 microglobulin, were included as controls. The relative expression of PITX2 in each cell type used is shown in Fig. 3c . The knockdown cells (KO) had undetectable expression of PITX2, while the control cell lines expressed similar levels of PITX2. The percentage of cells which migrated into the lower chamber of the invasion cassette is shown in Fig. 3b . Cells with reduced PITX2 expression showed a significant reduction in invasion compared to all control cells, both at 24 and 48 h after plating (Fig. 3a, b ). There was a 63.8 % reduction in invasion in PITX2 deficient cells at 24 h and 72.6 % reduction at 48 h compared to the parental cells (p \ 0.0001). These data suggest that loss of PITX2 expression attenuates the invasive phenotype of MDAMB231 cells.
PITX2 mediates the expression of genes associated with aggressive tumors
PITX2 isoform 1 is a component of the Wnt/beta-Catenin pathway and is a downstream target of LEF1 [13] . The Wnt/beta-Catenin pathway is known to contribute to tumor invasion and metastasis [22, 23] . We hypothesized that loss of the invasive phenotype associated with downregulation of PITX2 in MDAMB231 cells was mediated through the Wnt pathway. To test the effect of PITX2 knockdown on the Wnt pathway signaling program, we analyzed the gene expression pattern of genes in the Wnt pathway as well as other pathways, by qRT-PCR using modified Wnt pathway arrays. Four sets of independent PITX2 knockdown cells and four sets of mock transfected cells were used for analysis. The expression of 96 genes was analyzed which represented the Wnt/beta-catenin pathway, EMT, and TGF-beta pathways (Supplemental Table 3 ). The statistical significance in the expression of each gene in the two experimental groups was determined. Of the 96 genes examined, only the expression of three genes, NKD1, LEF1, and DKK4, was significantly reduced as a result of PITX2 knockdown (Table 4 ). All three of these genes have been reported to contribute to an aggressive tumor phenotype and metastases development and are in the Wnt/beta-Catenin pathway. Our results suggest that PITX2 plays a role in mediating invasiveness in cancer cells through the Wnt/beta-Catenin pathway and not the TGF-B or through EMT.
Discussion
Identification of the molecular mechanisms behind the metastatic process is essential for elimination of minimal residual disease and preventing cancer recurrence. The presence of DTCs in the BM of breast cancer patients before and after chemotherapy has been reported as an independent predictor of prognosis [9, 11] . However, the rarity and biochemical heterogeneity of DTCs have hindered studies focused on defining their molecular features and therapeutic vulnerabilities. Previously, we analyzed the BM of breast cancer patients and identified a molecular signature associated with early disease relapse. In this manuscript, we demonstrate that one of the genes in this signature, PITX2, identifies patients with who are at risk for developing early recurrent disease and which likely plays a role in the invasiveness of a breast cancer cells through the Wnt/beta-Catenin pathway.
We employed gene expression analysis of BMs collected from breast cancer patients to determine the specific molecular features of DTCs. Those genes which were expressed in the BM of patients but had no expression in the BM from healthy volunteers were considered to be derived from cancer cells lodged in the BM. Since DTCs are known to be heterogeneous, it is likely that only a subpopulation of the detectable DTCs have the potential to progress to a metastatic focus. Therefore, we correlated the expression of DTC-associated genes to metastatic outcome and time to recurrence. Of the genes examined, expressions of TWIST1 and PITX2 in the BM of breast cancer patients were found to be significantly associated with metastatic disease development in this analysis. The number of patients with detectable TWIST1 or PITX2 in their BM was 14 % (7 of 30 patients) which identified 46 % (6 of 13 patients) of the patients who subsequently developed metastatic disease.
The role of TWIST1 is well documented in the EMT process and metastasis of cancers [24] and we have previously reported on its significance in the BM of breast cancer patients [12] . The role of PITX2 in tumorigenesis in general and its association with metastatic process in particular are not as well understood. PITX2 is a pituitary homeobox transcription factor responsible for embryonic development of organs and morphogenesis. One of the transcript variants, isoform 3 is responsible left right symmetry during development. There are several recent reports on the association of PITX2 expression in various neoplasms. Upregulation of PITX2 has been reported in pituitary adenomas, colorectal cancers, and Wilms tumors [25] [26] [27] . A recent study demonstrated that PITX2 expression activates tumor progression and invasion in ovarian cancer, possibly independent of Wnt/beta-Catenin pathway [28] . In contrast, promoter methylation and subsequent silencing has been associated with certain prostate [29] and breast [19, 30] cancers specifically estrogen receptor-positive cancers. These data suggest that the mechanism of PITX2 in tumor progression may vary depending on the tumor type.
Our results indicate that PITX2 could play a direct role in the metastatic phenotype of breast cancer. Presumptive expression by DTCs is significantly correlated with early disease recurrence and experimental evidence that gene suppression reduces the invasive phenotype in MDAMB231 cells reinforces this notion. Interestingly, we were unable to develop stable long-term knockdowns of PITX2 in MDAMB231 cells and thus were unable to perform animal experiments. This may indicate an essential role of PITX2 in the stability of the cancer cells.
In our system, PITX2 appears to mediate its effects through the Wnt/beta-Catenin pathway rather than other pathways associated with PITX2 such as the TGF-beta pathway. Three genes, NKD1, LEF1, and DKK4 significantly downregulated by PITX2 knockdown, are known to contribute to tumorigenesis and metastasis through activation of Wnt pathway (Fig. 4) . Activation of the Wnt/beta-Catenin results in high levels of NKD1 [31] . It has been reported that loss of function mutation in NKD1 can alter Wnt signaling and contribute to enhanced tumorigenesis [32] . However, the full pathway between Wnt/beta-Catenin and NKD1 activation has not yet been elucidated. High levels of DKK4 have been reported to increase migration and invasion properties in colon cancer cells and its downregulation may have anticancer action [33] . DKK4 is downstream target of TCF/beta Catenin, and its high expression indicates activated state of Wnt signaling pathway [34] . It is known that PITX2 transactivates the LEF1 promoter and also enhances the endogenous expression of the full length beta-Catenin-dependent isoform. LEF1 is a downstream component of Wnt signaling and is known to contribute to invasion in breast cancer cells [35] . The Wnt signaling pathway mediated through the TCF/LEF1 transcriptional activator complex is activated in lung adenocarcinoma metastases [22] . Thus, PITX2 likely contributes to cell division, proliferation, and migration through mediating differential LEF1 isoform expression and subsequent interactions with LEF1 and beta-Catenin [36] . As illustrated in Fig. 4 , all three genes, NKD1, LEF1, and DKK4, found to be downregulated with PITX2 knockdown are consistent with activation of the Wnt signaling pathway by PITX2. Although DKK4 and NKD1 are Wnt pathway antagonists [37, 38] , their elevated levels are indicative of activated Wnt/Beta-catenin signaling as both of them are transcriptionally activated by the TCF/LEF complex. Since LEF1 is a downstream target of PITX2 transactivation, reduced levels of NKD1 and DKK4 are expected as consequence of PITX2 downregulation. Even though the expression of two Wnt pathway antagonists are diminished as a result of PITX2 knockdown, the Wnt pathway remains abrogated primarily due to the reduced transcription of LEF1 which is the major transcriptional co-activator effecting the pathway [39] .
Our results suggest that PITX2 expression in the BM of breast cancer patients is indicative of the presence of DTCs and is a predictor of high risk for metastatic disease development. PITX2 contributes to the invasiveness of breast cancer cells, and this appears to be mediated through the Wnt/beta-Catenin pathway. It is possible that therapeutically targeting PITX2 or its downstream activators could dismantle the invasive process and would be a step 
